Abstract--Bound water of sepiolite dehydrates in two steps in the temperature range of 250-650~ as shown in the TG-curve. These steps are described here as steps II and III. At step II, half of the bound water is removed; other half at step III. From step II to IlL discontinuous changes are confirmed in such properties as activation energy of dehydration, a-dimension, axial ratio, and intensities and spacings of X-ray powder reflections. A structural state at step II may be recognized as a distinct phase in the dehydration process.
INTRODUCTION
Two kinds of structure models of sepiolite were reported, one by Nagy and Bradley (1955) and the other by Brauner and Preisinger (1956) ; the latter has been favored (Brindley, 1959; Zvyagin, 1964; Gard et al., 1968; Rautureau et al., 1972) . In both models the crystal-chemical state of water molecules has been grouped into three: zeolitic water, bound water and hydroxyl water (Caill~re and H6nin, 1957, 1961; Martin-Vivaldi and Hach-Ali, 1970; Martin-Vivaldi and Robertson, 1971) .
It is well known that removal of bound water transforms sepiolite into a dehydrated form. The crystal structure model of this dehydrated form ('sepiolite anhydride') was proposed by Preisinger (1959 Preisinger ( , 1963 . On the other hand, it has been reported that bound water is removed in two steps at elevated temperatures (Kulbicki and Grim, 1959; Otsuka et al., 1966; Hayashi et al.. 1969) . Martin-Vivaldi and Cano-Ruiz (1956) reported three steps of dehydration: (1) loss of 1 molecule of zeolitic water below 200~ (2) loss of 2.5 molecules in the region of 250-350~ and (3) loss of 0.5 molecules between 350-650~ It was noticed, however, that a dehydrated phase occurred at 330~ when about 1 molecule of water still existed in dehydrated structure. Nathan (1969) and Otsuka, Hayashi and Imai (1970) have shown that the formation of the 'sepiolite anhydride' seems to be non-uniform, part of the structure being dehydrated, while part remaining intact. Their conclusions cannot explain the dehydration mechanism shown by two endothermic peaks in the DTA-curve and two steps in the TG-curve due to removal of bound water.
The purpose of the present study is to make clear the dehydration behavior of sepiolite with respect to the removal of bound water.
EXPERIMENTAL
Sepiolite from Kuzuu, Tochigi Prefecture, Japan was used for the present study. Its mineralogical and geological properties have been studied in detail by lmai and his collaborators : Otsuka et al., 1968 Hayashi et al., 1969; Imai et al., 1969) . The structural formula was given by these workers as follows:
In (Mg7.89A10.o6Feo.o IXS111.79Alo.2 i)Cao.12032.
The calculation was based on the assumption of Caill6re and H6nin (1961) that the dehydrated half-cell contains 32 oxygens. This formula is close to the ideal formula presented by Brauner and Preisinger (1956) .
DTA and TG curves were recorded simultaneously by a Rigaku Thermoflex. The mean heating rate was used in the following three ways: 2.5~ 5~ and 10~ X-ray powder patterns were recorded by a Rigaku Geigerflex. The experimental conditions were as follows: CuKct radiation, 30kV-15mA or 35 kV-20 mA; split systems used, 1~ mm-1 ~ or l/ 6~ ram-l/6~ time constants used, 1 or 2. I.R. absorption spectra were recorded by the KBr method with a Japan Spectroscopic model i.r.-G spectrometer.
The sample powder (about 0-2 g) was pre-heated at 300, 400, 500 and 600~ for certain times. The notation 30~120 means the sample was pre-heated at 300~ for 120 hr. The heated samples were stored in a desiccator. Table 1 and are compared with values calculated from two ideal structural formulas. According to Freeman and Carroll (1958) , activation energy and order of reaction for the the reaction, aA(s) = bB(s) + cC(g), can be obtained from TG-curve. Now, the rate of reaction for the disappearance of reactant A is expressed as -dX/dt = kX", where X = amount of reactant A, k = specific rate and n = order of reaction with respect to A. k may be expressed as
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where, Z = frequency factor, E* = energy of reaction, R = gas constant and T = absolute temperature. Then,
should result in straight lines with slopes of + or -E*/2.3R and intercepts of -n.
The values of the activation energy and the order of the dehydration reaction at steps II and III were obtained from the plots as shown in Fig. 2 (Table 2 ). Slight differences were only shown among the values of the activation energy. This is no difference between the kinetic data shown at step III from a natural sample and its preheated counterpart (300-550). Figure 3 shows the effect of heat on X-ray powder patterns. A noticeable effect is the appearance of new Nagy and Bradley (1955) . B.P--Calculated values from Brauner and Preisinger (1956) . * These values are not corrected by base line. reflections at 10.2 and 8"1A in 300-120, which are persistent up to 600-120, though the spacings and intensities are slightly modified by the elevated temperatures. Further, as shown in the data recorded by the high temperature X-ray diffractometer (Fig. 4) , the (110) and (120) reflections of the dehydrated phase show a discontinuous change before and after step III (400~ On the other hand, Fig. 5 shows the comparison of the X-ray pattern of 300-120 with that of an artificial mixture of natural sepiolite and completely dehydrated sample (600-120). There are clear differences with regard to line profiles, relative intensities of some reflections, and the existence of several reflections on one of these two patterns which are not on the other. These data suggest that the dehydrated form at step II (300-120) may exist as a distinct phase to be differentiated from that of the completely dehydrated state (600-120).
Effects of heat upon X-ray powder patterns
Indexing for X-ray powder diffraction peaks of 600-120 was done on the basis of the lattice parameters and diffraction intensities calculated from the structural model proposed by Preisinger (1959 Preisinger ( , 1963 as shown in Table 3 . From these indices and the observed spacings, the lattice constants were again calculated (Table 4) . On the basis of these calculated constants, peak spacings were calculated and compared with the observed spacings shown in Table 3 .
The X-ray pattern of 300-120 is close to that of 600-120, with slight relative shifts of peak positions. Indexing of diffraction peaks of 300-120 was done assuming that each peak of 300-120 and the corresponding peak Table 2 . Activation energies and orders of reaction of the dehydration steps, II and III. E* n (kcal/mol)
Original sepiolite
Step II (200-400~ 1.3 21.9
Step III (400-600~
1.3 31-3 30~550
Step III (400-600~ 1.3 31-1 
Step "lTi
Step TiT At the required temperatures, the temperature was kept for 1 hr to record the X-ray diffraction data.
of 600-120 in terms of relative positions of peaks have the same index. From these indices and the observed spacings, the lattice constants were again calculated (Table 4) . Table 3 shows the observed and calculated spacings of the peaks of 300-120. As shown in Table 4 , a-and b-values clearly decrease in the sample heated at 300~ and a-values successively decrease from step II to step III. The decrease of a-values gives rise to the decrease of the axial ratio (a/ b). This result corresponds to that obtained by high temperature X-ray diffraction (Fig. 4) .
Infrared absorption spectra
The effects of heat on i.r. absorption patterns are shown in Table 5 and Fig. 6 .
The spectra in the region 1400~00cm -1 are grouped into three: (1) original unheated sample; (2) the pattern shown by samples 300-120 and 300-250; and (3) the pattern shown by samples 400-120, 400-200, 500-120 and 600-120. Group (2) is composed of its own characteristic bands in addition to weak bands which appear in groups (1) and (3). Occurrence of these characteristic bands in group (2) is due to change from the structures giving rise to the patterns of groups (1) and (3). As already reported, the heat-induced changes of peaks in regions 40007.3000cm-1 and 1700-1600 cm-1 are mainly due to dehydration of zeolitic and bound water (Otsuka et al., 1968; Hayashi et al., 1969) . The patterns in these regions can be only grouped to correspond to (1) and (3) in the region 1400-400 cm-1.
Though assignment of all these peaks is not possible at present, except in the OH-stretching region, the absorptions in the region 1400-400cm -1 which appear in 300-120 and 300-250 are due to an intermediate state at step II.
Rehydration
Sample 300-120 rehydrates at room humidity as revealed by the increase in intensity of the 12.2• reflection. On the other hand, 600-120 does not so Preisinger (1963) suggested that under low water vapor pressure the phase transformation sepiolite to 'sepiolite anhydride' is reversible. Nathan (1969) reported that the irreversible transformation occurs at about 500-550~ However, the rehydration ability to original sepiolite is concerned with two stages of removal of bound water.
DISCUSSION
Bound water is removed in two steps, II and III. The former is due to removal of half of the bound water. the latter to removal of the other half.
At step II, dehydration occurs rapidly as shown by the steep slope of the TG-curve. Along with this dehydration, the original structure is modified as shown by the changes in the X-ray powder reflections. Wove number, cm -I Fig. 6 . Infrared absorption spectra of sepiolite C1400-400 cm-~); untreated and pretreated samples.
At step III, the slope of the dehydration step is more gentle than that of step II. Corresponding to this dehydration, discontinuous changes are confirmed in such properties as a-parameter, axial ratio, and spacings and intensities of X-ray reflections.
The variation of the axial ratio on heating suggests that slight distortion has arisen within each unit of the dehydrated structure; that is, if the dehydrated structure is only deformed as a whole by the rotation of undistorted units from the original sepiolite structure, aand b-values would decrease slightly but the axial ratio would not change.
The discontinuity of the change in properties from dehydration step II to III eliminates the possibility that the properties of step II are due to an interstratification of the original sample and its completely dehydrated phase, because such an assumed interstratified structure would display a gradual, not an abrupt, change of properties.
Thus finally, the dehydration behavior of sepiolite may be shown schematically as in 
